The mechanism by which plants cope with salt stress remains poorly understood. The goal of this study is to systematically investigate the contribution and distribution of inorganic ions and organic compounds to the osmotic adjustment (OA) in the halophyte species Halostachys caspica. The results indicate that 100-200 mM NaCl is optimal for plant growth; the water content and degree of succulence of the assimilating branches are higher in this treatment range than that in other treatments; parenchyma cells are more numerous with 100 mM NaCl treatment than they are in control. Inorganic ions (mainly Na + and Cl -) may play a more important role than organic compounds in NaCl-induced OA and are the primary contributors in OA in H. caspica. The inorganic ions and organic solutes display a tissue-dependent distribution. Na + and Cl -are accumulated in the reproductive organs and within assimilating branches, which may represent a mechanism for protecting plant growth by way of salt ion dilution and organ abscission. Additionally, OA via increased accumulation of organic substances also protected plant growth and development. This finding provides additional evidence for plant tolerance to salinity stress which can be used for breeding new cultivars for stress tolerance.
Soil salinization is a major abiotic environmental factor that limits land utilization efficiency in arid and semi-arid regions worldwide and reduces the yield of a wide variety of crops 1 . Considering the combination of a high evapotranspiration rate and poor quality water irrigation, salinity stress adversely impacts plant metabolism through ion toxicity, osmotic stress and oxidative stress. The ability of certain plants to survive and maintain adequate growth under high salinity conditions is referred to as salt tolerance; this variable trait is dependent on many factors including the plant species. For example, halophytic plants can survive and even grow well under high salt concentrations 2, 3 . Nevertheless, the tissues and organs of halophytes are also susceptible to extreme salt conditions in terms of morphology and physiology. In recent decades, the distribution, exploitation 4 and salt-tolerant physiology of the halophytes 5, 6 have been extensively studied. Zhao described three different modes of salt tolerance response observed in terrestrial plants that allow them to overcome salt ion toxicity: salt dilution, salt secretion and salt exclusion 7 . The response to osmotic stress primarily involves osmotic adjustment (OA), which refers to a reduction of osmotic potential in response to a net accumulation of solutes resulting from water deficiency or salinity. OA is critical for maintaining cell turgor, which enables the maintenance of plant metabolic activity and in turn plant growth and productivity 8, 9 . It is generally recognized that osmotic substances can reduce the effects of ion toxicity and form various complexes with proteins or bind to their surfaces via a hydrophilic protecting osmotic function 10 . Greenway previously described the synthesis of compatible osmotic substances as a metabolic response adaptation to salt stress 11 . In contrast to glycophytes, halophytes have adapted various physiological and biochemical strategies to cope with extreme salt conditions 12 . These include tissue succulence and ion compartmentation that involve the elimination or accumulation of excess saline ions (Na + ) in the vacuoles. Plants also synthesize proline, glycine, betaine, soluble sugars and other osmolytes to promote osmotic balance at the cellular level [13] [14] [15] [16] . As one example, plants belonging to the Chenopodiaceae family use the inorganic ions Na + and Cl − as osmotic agents 4 . Although halophytes are known to have evolved several adaptive mechanisms to cope with the presence of high level of salts in their natural environments 7, [17] [18] [19] , these mechanisms remain poorly understood. The contribution of inorganic ions and organic solutes to OA continues to be disputed, and the strategies used for stress tolerance are known to vary not only by species but also by genotype 20 . For instance, the distribution of osmotic substances varies among dicotyledonous halophytes, monocotyledonous halophytes and true halophytic plants 21 . The halophyte Halostachys caspica (Bieb.) C. A. Mey is a salt-diluted short shrub belonging to the Chenopodiaceae family. It exhibits high salt tolerance and grows naturally in the saline-alkali soil of semi-desert regions in Central Asia 22 . The unique morphological structures of H. caspica are its assimilating branches formed by retrogressed leaves, which are capable of hyperaccumulating Na + and Cl
−
. At present, little is known about the role of OA in the salt tolerance response of H. caspica at the physiological level, despite the recognition of OA as an important physiological adaptation of halophytic species with high salt tolerance.
The aims of the present study were to assess the contribution of inorganic ions and organic compounds to the OA of the H. caspica plants in response to salt stress, to determine the contribution and distribution of these molecules, and to identify the optimal salt concentration for the growth and development of H. caspica. It is very important to clarify these physiological characteristics; it is also a good reference for full exploring the salt tolerance mechanisms on a physiological level.
Results
Optimal salt concentrations for plant growth and development. The H. caspica plants were grown for four weeks in the greenhouse. A range of NaCl concentrations (0, 100, 200, 300, 400, 500 and 600 mM) were used for the experimental treatments. Plants treated with 100 or 200 mM NaCl grew very well. However, plants treated with 300 to 600 mM NaCl exhibited growth inhibition, including yellowed assimilating branches and reduced plant size (Fig. 1) . Nevertheless, these visual observations clearly indicated the high tolerance of H. caspica to NaCl salinity. With increasing salt stress up to 200 mM NaCl, the H. caspica plants also exhibited a stable water content (WC). As the NaCl concentration increased from 400 to 600 mM, the WC decreased significantly in the assimilating branches compared to the control (P < 0.01). With the treatment of 600 mM NaCl, the WC remained as high as 88.02% (Fig. 2a) . The succulence of H. caspica assimilating branches, measured as the FW/DW ([fresh weight]/[dry weight]) ratio, increased significantly as the NaCl treatment increased from 0 to 200 mM, but decreased prominently thereafter (Fig. 2b) . The histological analysis of the anatomical structure of H. caspica assimilating branches (Fig. 3) revealed that the number and size of parenchyma cells in this part of the plant increased with 100 mM NaCl treatment. Qi et al. (2005) similarly reported that the degree of succulence of the halophyte Suaeda salsa is highly correlated with salinity levels and that maximum succulence is observed under saline conditions 23 . Additionally, Radić et al. (2013) found that low salt concentrations induced leaf succulence and increased the relative WC of the leaves of Centaurea ragusina 24 . In the present study, optimal plant growth was achieved with NaCl concentrations of 100 to 200 mM. The salt sensitivity of H. caspica was clearly demonstrated by the occurrence of toxicity symptoms that were visually observed in the assimilating branches as the NaCl concentration increased from 400 to 600 mM. Salt stress was found to significantly affect the accumulation of Na + , which increased in the salt-stressed assimilating branches as the NaCl concentration increased. For instance, the accumulation of Na + was 2.17 times greater in assimilating branches treated with 600 mM NaCl compared to the control (Fig. 4a) .
A slight descending trend was observed for the accumulation of K + in the salt-stressed shoots compared to the control (Fig. 4b ), but none of the changes were significant among the different NaCl concentrations used (0-600 mM). At the highest NaCl treatment level (600 mM), the K + concentration in assimilating branches was 68.29% of the concentration observed in the control. The accumulation of Ca 2+ gradually decreased with increasing NaCl concentration, with the Ca 2+ concentration observed at the highest salinity level approximately half (50.82%) of the Ca 2+ concentration observed in the control (Fig. 4c) . Due to the increased Na + content in assimilating branches, the Na + /K + ratio increased from 0 to 300 mM NaCl; however, no significant changes were observed beyond that concentration (Fig. 4d) . A similar tendency was observed for the Na + /Ca 2+ ratio in treated H. caspica (Fig. 4e) . Betaine, proline (Pro) and total soluble sugars (TSS) were the three major organic solutes investigated, and the contents of all three solutes significantly increased in the assimilating branches with increasing NaCl levels (Fig. 5 ). When the plants were treated with 600 mM NaCl, the levels of betaine and Pro were increased by > 16-folds and > 136-folds, respectively.
The contribution of inorganic ions and organic compounds to osmotic adjustment in response to salt stress. The contribution of inorganic and organic solutes to OA in the assimilating branches of H. caspica is summarized in Table 1 . Under 600 mM NaCl treatment, the Na + and Cl − ions made up 32.7% and 26.7%, respectively, of the total solutes contributing to OA. Even in the control, the contributions of Na + and Cl − were 45% and 31%, respectively. These findings indicate that Na + and Cl − play an important role in the OA of assimilating branches. Among the organic solutes, betaine was found to have the greatest contribution to OA in response to salt stress, accounting for 7-34% of the total solutes. In the tested NaCl range, the contributions of TSS and Pro were small; for example, the values for Pro were always below 1% of the total solutes. Although the total inorganic ion contribution decreased with increasing salt concentration, it nevertheless represented the main component at all concentrations. The mole fraction of inorganic ions ranged from 59%-90%, while that of organic solvents ranged from 10%-37%. Taken together, the above data indicate that inorganic ions and the organic solute betaine are major contributors to OA.
Distribution of inorganic ions and organic solutes in different tissues and organs.
The content of inorganic ions was determined in various organs of mature plants. The highest levels of Na + and Cl − were observed in assimilating branches and reproductive organs, and these indexes were similarly high in the xylem of assimilating branches (ABX) and the xylem of reproductive organs (ROX). High Na + and Cl − levels were also observed in the roots. In contrast, K + primarily accumulated in the reproductive organs, with lower accumulation observed in the roots, ABX, assimilating branches and ROX. Ca 2+ accumulated mainly in the roots, which strongly contrasted the patterns observed in the above-ground organs. No particular distribution patterns were observed for SO 4 2− and Mg 2+ (Fig. 6 ). Figure 7 shows that the distribution of inorganic ions in H. caspica seedlings was similar to that of the mature plants. A significantly higher accumulation of Na
2− and Mg 2+ was observed in the shoots compared to the roots (P < 0.001). In contrast, there was a greater accumulation of K + and Ca 2+ in the roots compared to the shoots (P < 0.001) (Fig. 7) . The difference in the Na + partitioning in assimilating branches was greater than that of the Cl − partitioning. Specifically, the Na + content of the assimilating branches was 2250 mmol/kg DW, while the Na + content of the roots was 580 mmol/kg DW. The distribution of organic solutes in seedlings and mature H. caspica plants was also analyzed. Our results show that the accumulation of Pro, betaine and TSS was much higher in the reproductive organs of mature plants than in that in the assimilating branches (P < 0.01) for samples collected from the saline-alkali soil. For the samples collected from relatively moderate saline-alkali soil, the betaine and Pro concentrations were both low, and no obvious differences were observed between the reproductive organs and assimilating branches. The concentrations of Pro and TSS in the reproductive organs of H. caspica collected from saline-alkali soil were greater than that in the corresponding concentrations of plants collected from low saline soil, and the values recorded for these two growth conditions were 1103.87 and 549.57 μ g/g FW, respectively, for Pro and 242.89 and 37.96 mg/g FW, respectively, for TSS. Compared to the assimilating branches, the roots of seedlings from saline-alkali soil had a higher accumulation of organic solutes. This was particularly evident for the accumulation of TSS, whose levels in the roots were nearly 11.75-fold greater than those in the shoots (Fig. 8) .
Discussion
Osmotic stress and ion toxicity are often associated with excessive salt concentration through as yet unknown mechanisms, ultimately resulting in reduced plant growth and development. Adaptive mechanisms at the cellular level, such as salt ion compartmentation and OA, are crucial for the survival and continued growth of salt-tolerant plants in high salinity environments 25 . Salt-tolerant plants, halophytes in particular, accumulate large amounts of salt ions in their cells, with the vacuoles playing a key role in OA. Salt induces the accumulation of organic solutes compatible with biomolecular functions that underlie cellular protection and OA, especially in the cytoplasm and organelles 26, 27 . Because ion homeostasis is essential for plant growth and development, the accumulation of excessive Na + and Cl − ions may disrupt this balance.
In the present study, plant growth was significantly inhibited by 400-600 mM NaCl treatments (Fig. 1) . On the other hand, optimal plant growth and succulence were observed when the plants were treated with 100 or 200 mM NaCl (Figs 1, 2 and 3 ). These findings suggest that H. caspica has an efficient system underlying OA under certain levels of NaCl stress. In general, reductions in WC represent a quick and economical approach for achieving OA in response to osmotic stress in plants 28 . This phenomenon was indeed observed for H. caspica in the present investigation: decreased WC and/or succulence occurred at high salinity levels (400-600 mM NaCl) and likely resulted from disturbed osmotic homeostasis and the occurrence of dehydration due to excess Na + accumulation (Fig. 2a ). Although the WC of H. caspica decreased significantly with increasing salt stress (Fig. 2a) , a high WC was nevertheless maintained even under 600 mM NaCl (88.02%). Similar findings have been reported in other plants [28] [29] [30] [31] . Thus, the ability of H. caspica to retain water under severe salt stress may be a key characteristic of its ability to maintain osmotic balance via osmolyte accumulation with minimum energy consumption.
In previous studies, sodium accumulation and its compartmentalization into the vacuoles under moderate salt stress were found to modulate osmotic potential and to help ensure the absorption of water. Together, increased water content and the accumulation of sodium ions help improve the degree of succulence [32] [33] [34] . In this study, H. caspica plants maintained a steady WC and accumulated sodium ions at moderate salt concentrations (100-200 mM), resulting in maximal succulence of the assimilating branches-a classic characteristic of halophytes. Shoot succulence results in an increased vacuolar volume for sodium dilution and OA 35, 36 , which is also essential for the salt tolerance of H. caspica. The contents of all the solutes in the table were first measured as μ mol/g FW, and the data shown above for each treatment group represent the average of three replicates for the ratio of the concentration of a given solute to the total solute concentration. Means within a column followed by the same letter are not significantly different at P < 0.05. To maintain an osmotic potential for water uptake under saline conditions, halophytes typically accumulate inorganic ions in the vacuoles. Na + and Cl − are metabolically effective osmotica because the energetic cost of absorbing inorganic ions is far lower than that of organic osmolyte synthesis 37 . This appears to be the case for H. caspica, as the plants accumulated Na + and Cl − under salt stress. Furthermore, the accumulation of these inorganic ions increased with increasing NaCl concentrations. Thus, Na + and Cl − were the main inorganic osmolytes in the vacuoles under salt stress and were concentrated to a much greater extent in the assimilating branches and reproductive organs compared to other organs (Figs 6 and 7). Table 1 shows that, relative to the total solute concentration, the OA contributions of Na + and Cl − were 39% and 46%, respectively, in the assimilating branches of plants treated with 200 mM NaCl. Thus, OA in H. caspica appears to be largely accomplished through the accumulation of Na + and Cl − (Table 1) . Maintaining low Na + and high K + in the cytoplasm is essential for a number of enzymatic activities 38 . Na + enters plant cells principally through K + transport pathways 39 . The similarity of Na + and K + in terms of their hydrated ionic radii results in a competition for transport between these two ions at the plasmalemma level, which is the basis of Na + toxicity 39 . Halophytes under salt-alkaline stress usually In panels (a-c), the grey and white bars represent the content of a given organic solute in the reproductive organs and assimilating branches, respectively. *, ** and *** indicate significant differences at P < 0.05, P < 0.01 and P < 0.001, respectively. Data indicate means ± SD (n = 4).
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absorb Na + and simultaneously diminish the uptake of K +37, [40] [41] [42] [43] [44] [45] . Moreover, reduced K + content in salt-stressed H. caspica plants may be due to a down-regulation of the genes involved in K + transport 46 . Although the K + content in H. caspica assimilating branches did not significantly change with increasing levels of salinity in this study, a decreasing trend in K + content was observed with increasing salt stress. This observation along with the increase in the Na + /K + ratio of H. caspica under salt stress indicated that salt exposure led to competitive inhibition between Na + and K + absorption as the basis of cytosolic Na + toxicity. Thus, H. caspica may have a Na + absorption pathway that is dependent on the K + channel. K + accounted for 8% of the solutes contributing to OA in the assimilating branches of untreated control plants, while the sum of Na + and Cl − was 76% (Table 1 ). This result underscores the differences between inorganic ions in terms of their OA contribution in the assimilating branches. The relative contribution of K + to the total OA of assimilating branches was reduced from 8% in the control to 1.6% in plants treated with 600 mM NaCl. It is well established that the accumulation of Ca 2+ is inhibited by salt stress in many plants 47, 48 . Accordingly, Ca 2+ accumulation slightly decreased and the Na + /Ca 2+ ratio increased in H. caspica assimilating branches in this study as the salinity levels increased (Fig. 4) . These data are consistent with the findings of Chinnusamy et al. (2006) 49 . Although Ca 2+ levels decreased significantly under salt stress, however, its contribution to OA was minor as a result of the very low proportion of Ca 2+ to total solutes. H. caspica is a salt-diluted halophyte, and saline ions over-accumulate in its vacuoles under high NaCl levels. Thus, organic solutes that do not interfere with metabolism must be synthesized and further accumulated in the cytoplasm to maintain the water content equilibrium within cells. Previous reports suggest that this represents a common metabolic plant strategy, particularly in halophytes. Betaine and proline are compatible solutes that can be accumulated in response to osmotic stress, and the accumulation of these osmolytes is known to be an important adaptive response to salt and drought stress 36 . Betaine has long been recognized as a primary osmolyte in plant species belonging to the Chenopodiaceae family 18 , and its contribution to OA in the cytoplasm was significantly greater than proline and TSS in our study. Similar findings have been reported in other Chenopodiaceae halophytes, such as Kochia sieversiana 50 , Suaeda fruticosa 41 , Atriplex griffithii 42 , Salicornia europaea 51 and Suaeda maritima 51 . Increased accumulation of betaine under saline conditions may be a common genetic characteristic of Chenopodiaceae halophytes that underlies their heightened resistance to salt stress. Among the organic solutes investigated, betaine was the only solute that increased dramatically with increasing salinity, and it had the greatest contribution to the OA of H. caspica grown in the greenhouse. Table 1 and Fig. 5 clearly show that betaine is the major osmolyte among the three organic solutes investigated under increasing salt stress. With increasing salt stress, the betaine content increased significantly (Fig. 5a) , and the percentage of the betaine concentration relative to the total solute concentration increased by 34% to the OA of H. caspica at the highest salinity level (Table 1) . Beyond the role of betaine as an efficient osmolyte, betaine is thought to improve tolerance to dehydration 52 , stabilize the protein structure of the PSII complex, and prevent damage in the cell membranes of salt-stressed plants. The above results indicate that betaine may have an important role in both cellular protection and cytosolic OA in H. caspica, regardless of the presence of NaCl.
In general, the accumulation of proline, a major organic osmolyte, is closely related with osmotic stress intensity 53 . In the present study, however, a dramatic accumulation of proline only occurred after the stress intensity passed a certain threshold. For example, at 400 and 600 mM salinity, the proline concentration was increased by 13 and 40 folds compared to that of the control, respectively (Fig. 5b) . However, the proline concentration was very low compared to the betaine concentration, and the contribution of proline to OA was insignificant, at 0.01-0.4% of the total solutes (Table 1 ). These findings suggest that the changes in the proline concentration in H. caspica may not have resulted from the osmotic stress response.
Under field conditions, the halophytes are well adapted to saline soil and exhibits a high capacity for ion absorption and OA 36, 54 . In the field investigation for H. caspica, all of the aerial organs of seedlings and mature plants accumulated significantly more Na + , Cl − and Mg 2+ than the roots, with particularly high levels in the assimilating branches and reproductive organs of mature plants. The accumulation of K + in the reproductive organs was greater than that in other organs of mature H. caspica. Additionally, the K + content in seedling roots was greater than that in the assimilating branches. Previous research has established that Ca 2+ can improve membrane stability under adverse conditions as a membrane-bound molecule, alter the expression pattern of certain genes to induce protein synthesis in response to salt stress, and improve the stress resistance of plants 4 . Thus, accumulated Ca 2+ is an important indicator of metabolic regulation for K + uptake and important for maintaining a higher K + /Na + ratio. In the present study, the lowest concentrations of Na + and Cl of H. caspica plants to protect the reproductive organs for seed production under saline conditions. In seedlings grown in the saline soil, the accumulation of the investigated organic solutes was higher in the roots than that in the assimilating branches. In particular, the TSS content of the roots was 11.75 times that of the assimilating branches. Thus, TSS might also be the important organic solute for OA of this species in the field.
The OA mechanism is critical for the survival of H. caspica in saline soil. In this context, the fundamental features of H. caspica are its ability to accumulate Na + and Cl − in the vacuoles and to accumulate a large amount of organic compounds (such as betain, TSS) in the cytoplasm.
Conclusions
The results of this study reveal that 100 and 200 mM NaCl were more favorable to the growth of H. caspica than the control condition (0 mM NaCl). On the other hand, 400-600 mM NaCl adversely affected growth due to the excess concentration of sodium ions in the solution. Under saline conditions, the succulence of the assimilating branches resulted in sodium dilution. The absorption of Na + and Cl − and the synthesis of compatible solutes were identified as the key steps underlying osmotic adjustment in H. caspica. We therefore conclude that the strong resistance of H. caspica to salt stress depends on its key physiological characters, namely, osmoregulatory mechanisms of inorganic ions, particularly Na + and Cl − , and greater accumulation of organic solute betaine. Considering the distribution of inorganic ions and organic solutes in the various tissues and organs, H. caspica also exhibited effective osmoregulation in terms of substance distribution for protecting plant growth and development under high salt stress.
Materials and Methods
Plant materials and growth conditions. The seeds of H. caspica were collected from plants grown wildly in the extremely saline-alkali and semi-desert regions located at the edge of Gurbantunggut Desert in Xinjiang, Northwest China. The seeds were sown in a mixed medium containing potting soil, vermiculite and perlite at a ratio of 2:1:1. After 45 days in a greenhouse at 25-28 °C under natural light (16 h light/8 h dark) conditions, irrigated with distilled water, the seedlings were transferred to pots containing the same medium, with seven seedlings per pot. Two weeks later, the plants were divided into seven groups that were treated with distilled water containing 0, 100, 200, 300, 400, 500 or 600 mM NaCl, respectively. The treatments were performed once per two days. After 30 days of treatment, the impact of salinity treatment was measured and recorded.
To investigate the same physiological parameters in the field condition, we chose two saline-alkali environments for sample collection (87°31' E, 44°29' N). One region possesses exremely saline-alkali soil and the other has relatively moderate saline-alkali soil (see growing environment as Table S1 and Figure  S1 ). As explained in Figure S2 , different tissues of mature H. caspica plants were collected. Briefly, the reproductive organs and assimilating branches of mature H. caspica plants growing in the saline-alkali or mildly saline-alkali soil were collected; the above-ground and underground tissues of the seedlings from the saline-alkali soil were also collected.
Determination of water content and degree of succulence. Samples of assimilating branches (6-8 cm in length from the tip) were briefly washed with distilled water to remove dust on the surface, then dried with absorbent paper to remove the surface moisture. These samples were weighed to determine the fresh weight (FW). For determination of the dry weight (DW), the samples were steamed at 105 °C for 10 min, then dried at 80 °C until a constant weight was achieved. The water content (WC) was calculated as follows: (FW-DW)/DW. The degree of succulence of the assimilating branches was measured as FW/DW. Histological preparation and observation of H. caspica assimilating branches. Corresponding parts of the assimilating branches from the different H. caspica treatment groups were selected, immersed in fixative for 48 h, dehydrated, dipped in wax and sliced at an optimal thickness for analysis. The tissue slices were subsequently immersed in 48 °C water to ensure they were fully flattened. The slices were dried in a 50 °C oven, then double-stained with safranin and solid green. The tissue sections were observed using a Leica Microsystems DM3000 microscope.
Determination of ion content in different tissues and organs of H. caspica plants. Approximate 50 mg dry material was digested with 2 ml HNO 3 , followed by dilution of the samples with deionized water to a final volume of 25 ml 55 ) were analyzed using an atomic absorption spectrometer (Hitachi Z2000).
Proline, betaine and soluble sugar content determination. The accumulation of osmolytes such as free proline (Pro) was analyzed using the procedure described by Zhao et al. (2009) with some modifications 56 . Betaine content was measured by the method of Grieve and Grattan (1983) 57 , and the total soluble sugar (TSS) content was analyzed using the sulfuric acid-anthrone method 58 .
Statistical analysis. Statistical analysis was performed using GraphPad Prism software, version 5.0.
The physiological parameter data for the organic solute content of wild H. caspica plants were subjected to analysis of variance (t-test). Differences among the means for the other physiological parameters were analyzed by one-way ANOVA. Comparisons among the mean values for the different treatments were performed using the least significant difference (LSD) test at a confidence level of P < 0.05. The results for all of the physiological parameters were expressed as means ± standard deviation (SD).
